The hrcA gene codes for a transcriptional repressor protein interacting with the CIRCE operator thereby reducing expression of the groE operon of more than 120 bacterial species. At least in Bacillus subtilis, the activity of the HrcA protein is modulated by the GroE chaperonin system. We amplified the hrcA gene from five different bacterial species and analyzed its activity in Escherichia coli and Bacillus subtilis. While those from Clostridium acetobutylicum and Staphylococcus aureus turned out to be active, those of Helicobacter pylori, Lactococcus lactis and Thermotoga maritima were inactive in E. coli, but that of T. maritima turned out to repress expression of the reporter gene in B. subtilis. All these results strongly suggest to us a specific recognition of HrcA by the GroE chaperonin system.
Introduction
The heat shock response is a universal phenomenon which occurs in all living cells experiencing a sudden temperature upshift. They respond to a heat shock by the transient increased synthesis of a group of proteins generally known as heat shock proteins. In prokaryotes, two major mechanisms of heat shock induction have been detected and analyzed in great detail in Escherichia coli and in Bacillus subtilis. In E. coli, expression of all major cytoplasmic heat shock proteins is under the positive control of the alternate sigma factor r 32 encoded by the rpoH gene (for a recent review, see [1] ). Upon a heat shock, the cellular level of r 32 increases both by enhanced translation of rpoH mRNA and by transient stabilization of r 32 , and this increase in turn is responsible for a transient enhanced transcription of heat shock genes. The level and activity of r 32 are negatively regulated in E. coli by the products of the heat shock genes dnaK, dnaJ, and grpE coding for the DnaK chaperone machine. Homologs of rpoH have been identified from some 20 eubacterial species [2] . In contrast to the positive regulation by r 32 , heat shock expression in the majority of eubacteria is controlled by negative regulation (for a recent review, see [3] ). A widespread negative control mechanism comprises the repressor protein HrcA binding to an operator which has been designated CIRCE (for controlling inverted repeat of chaperone expression [4] . The HrcA-CIRCE system has been extensively characterized in B. subtilis, a paradigm of the Gram-positive eubacteria (for recent reviews see [5, 6] ). Here, HrcA controls expression of the bicistronic groE and the heptacistronic dnaK operon [7, 8] . Four lines of experimental data strongly suggest that the GroE chaperonin system modulates the activity of HrcA: (i) When the hrcA gene is expressed in E. coli strains with temperature-sensitive groES or groEL alleles, the basal level of a hrcA-controlled reporter gene in the absence of heat shock is significantly increased; (ii) when the groESL operon is artificially overexpressed in B. subtilis, both the basal and the heat-induced level of the dnaK and groE operon is reduced; (iii) binding of purified HrcA to a DNA fragment containing the CIRCE element is greatly enhanced by addition of the E. coli GroE proteins and ATP; (iv) His-tagged HrcA immobilized on a Ni-NTA column specifically binds GroEL [9, 10] .
The HrcA-CIRCE system has been found in Grampositive bacteria and proteobacteria and implicated in cyanobacteria and several other groups of eubacteria [11] [12] [13] [14] [15] . Attempts to verify a direct HrcA-GroEL interaction were hampered so far by the insolubility of HrcA overproduced in E. coli. This protein tends to form inclusion bodies when overproduced which can be solubilized only in the presence of a chaotropic agent such as 8 M urea. Removal of the denaturing agent either by dilution or by dialysis resulted in the aggregation of HrcA [9] . Despite this technical problem, it has been possible to visualize the binding of purified HrcA of Staphylococcus aureus to its operator by atomic force microscopy [16] and of B. stearothermophilus, B. thermoglucosidasius, Streptococcus thermophilus, S. aureus and Bradyrhizobium japonicum by band shift assays [9, [17] [18] [19] [20] . The problem of insolubility can be solved by at least three different experimental approaches: (i) identification of a HrcA protein being largely soluble; (ii) screening for a mutant protein exhibiting enhanced solubility; and (iii) identification of biochemical conditions which allow HrcA to stay in its soluble form. While the second strategy resulted in a mutant HrcA protein exhibiting a higher solubility as compared to the wild-type protein [10] , the third strategy resulted in soluble HrcA of B. thermoglucosidasius with added plasmid DNA [17] and of S. aureus with added poly-(dI-dC) [19] .
In this study, we tried to answer two questions. Is there a HrcA protein from another bacterial species which stays soluble in E. coli when overproduced? Can the B. subtilis HrcA protein be substituted by orthologous HrcAs? The hrcA genes from five different bacterial species were generated by PCR and analyzed in E. coli and B. subtilis cells. It turned out that all HrcA proteins formed insoluble aggregates upon overproduction in E. coli, and while some were fully active in both bacterial systems others remained completely inactive. Table 1 lists all the bacterial strains and plasmids used in the present study. For the growth of all strains, Luria broth (LB) was used. When required, the following antibiotics were added: ampicillin at 100 lg/ml and neomycin at 20 lg/ml.
Materials and methods

Strains, plasmids and growth conditions
Recombinant DNA and PCR techniques
For plasmid constructions, standard E. coli techniques and recipient strain XL1-Blue [21] or the protocols of the suppliers were used. PCR amplification was 
Cloning of hrcA genes
The hrcA genes of five different bacterial species were amplified by PCR and cloned into the HrcA test vector pDN2. This pBR222-based vector consists of a transcriptional fusion between the promoter-operator region of the dnaK operon of B. subtilis and the bgaB reporter gene and hrcA whose expression is driven by the constitutive lepA promoter [10] . Clostridium acetobutylicum hrcA was amplified using the primer pair CAC1 and CAC2 (see Table 2 ) and plasmid pKG2 as template. Helicobacter pylori hrcA was generated using the two primers HPY1 and HPY2 and chromosomal DNA of strain 69A [22] . L. lactis hrcA was amplified using chromosomal DNA of strain MG1363 [23] and the primer pair LLA1 and LLA2, S. aureus hrcA using chromosomal DNA of strain COL and the primer pair SAU1 and SAU2, and that of Thermotoga maritima using chromosomal DNA of strain MSB8 [24] as template and the primer pairs TMA1 and TMA2. The hrcA genes of C. acetobutylicum, S. aureus, and H. pylori were cloned via SacI/SalI restriction sites. T. maritima hrcA was ligated as a StuI/SalI fragment and L. lactis as a EcoRV/SalI fragment to the Ecl136II/SalI restricted pDN2. The sequences of all hrcA genes were verified by DNA sequencing. The hrcA genes of H. pylori, C. acetobutylicum, L. lactis, and T. maritima were cloned into the His6-tagging vector pQE30 using the appropriate recombinant pDN2 plasmids.
b-Galactosidase assay
b-Galactosidase activities were assayed at 55°C as described [25] . All assays were repeated at least three times using independent cultures and yielded comparable results.
SDS-PAGE analysis
Sample preparation for SDS-PAGE was performed as described previously [26] .
Results
Rationale for the selection of orthologous hrcA genes
Recently, we have reported on an experimental system allowing expression and analysis of the B. stearothermophilus and B. subtilis hrcA genes in E. coli [9] . This system consists of a plasmid (pAM101) carrying the hrcA gene expressed constitutively from the dnaK promoter devoid of the CIRCE element of B. subtilis and the bgaB reporter gene, fused to the promoter-operator region of the dnaK operon. At 30°C, the HrcA repressor protein binds to its operator to largely prevent expression of the bgaB gene. Upon a heat shock to 42°C, the repressor protein transiently dissociates from its operator resulting in an increase in b-galactosidase activity. Furthermore, we could show that the basal level of bgalactosidase activity was significantly enhanced in groES and groEL temperature-sensitive mutants at 30°C
, the first indication that the GroE chaperonin system is involved in modulating the HrcA activity [9] .
To date, the DNA sequence of more than 120 hrcA genes from a variety of bacterial species has been published. The most interesting finding upon alignment of all the HrcA proteins is that the repressors are only distantly related to each other with a low overall amino acid identity except for one single region near the Nterminus. Here, we asked the question whether orthologous HrcA proteins can functionally substitute for the Bacillus ones (that of B. subtilis and B. stearothermophilus) in both E. coli and B. subtilis cells.
We have chosen hrcA genes from five different bacterial species because of the following reasons. The HrcA protein of H. pylori is characterized by the very low similarity of 34% to B. subtilis HrcA (Fig. 1) . The hrcA gene of L. lactis was chosen because its activity seems to be modulated through the DnaK chaperone system [27] . The reason for S. aureus was that the HrcA protein seems to be soluble and allowed a bandshift assay [28] . C. acetobutylicum was chosen because of its close relationship to Bacilli and T. maritima because it is a thermophilic microorganism and of ancient origin. CAC1  ATGGAAATGGAGGAAAGAAAAC  CAC2  CTAGCTATTATTCATTTTATCTAA  HPY1  ATGGTGATTGACGAGATTTTTCAA  HPY2  TTATTCCTCCTCAGAAATCGTTTG  LLA1  ATGATTACAGAACGTCAAAGAC  LLA2  TCATTTACTAATTTCATAATGGTTA  SAU1  GGCCATGAGCTCATGATTACAGATAGGCAA  TTGAGTATAT  SAU2  GGCCATGTCGACCCATCATTACCAAATTCT  ATTTAATAATT  TMA1  GGCCATAGGCCTATGAGAAGGCTGCAA  CAGGAAGAAC  TMA2 GGCCATGTCGACTCACCTCCTGGAAGTT GAAGTGAA All oligonucleotides were flanked by the GGCCAT GAGCTC at their 5 0 ends (underlined a SacI restriction site) and by GGCCAT GTCGAC (SalI) at their 3 0 ends.
The alignment of the five HrcA proteins together with that of B. subtilis is presented in Fig. 1 .
Analysis of orthologous hrcA genes in E. coli wildtype cells
All five hrcA genes were generated by PCR, inserted into the test vector pDN2 as described in Section 2 and transformed into the E. coli strain MC4100. Plating of the transformants on Xgal plates at 30°C revealed that those strains carrying hrcA of B. subtilis, C. acetobutylicum and S. aureus formed white colonies indicating synthesis of active HrcA protein, while those harboring hrcA of H. pylori, L. lactis and T. maritima exhibited blue colonies (data not shown).
Next, we wanted to verify these qualitative data by measuring the b-galactosidase activities, and, in addition, to find out whether the functionally active HrcA proteins can be inactivated by a heat shock which should result in an increase in b-galactosidase activity. While cells carrying the empty vector pDN2 exhibit a high activity at all temperatures as to be expected ( Fig. 2(a) ), all three strains forming white colonies on Xgal plates synthesized low amounts of b-galactosidase (0.7-4 units; Fig. 2(b)-(d) ). After thermal upshift, these three transcriptional fusions could be induced, but to different extents. While the fusions carrying the Bacillus hrcA gene could be induced by a factor of 4, those carrying the C. acetobutylicum and S. aureus were induced by a factor of 7 and 6, respectively (Fig. 2(b)-(d) ). The higher induction rate signals more efficient inactivation of the repressor protein which, in the case of C. acetobutylicum, reaches values close to what was measured in the complete absence of the repressor protein ( Fig. 2(a) ).
E. coli cells carrying the other three hrcA genes exhibited a high b-galactosidase activity at low temperature thereby confirming the plate assay. After heat challenge, these operon fusions could only be slightly induced, and the induction factor is comparable to what was measured in E. coli cells devoid of hrcA (Fig. 2(e)-(g) ). The complete absence of repression with three out of five orthologous hrcA genes could mean that the HrcA protein is inactive, is not synthesized at all or at reduced levels. To examine for the second possibility, the cloned hrcA genes of C. acetobutylicum (positive control), H. pylori, L. lactis and T. maritima were fused to the IPTG-inducible vector pQE30 and transformed into E. coli strain XL1-Blue. All four strains were first grown to an A 578 of 0.5 and then induced by the addition of 1 mM IPTG. As can be seen from Fig. 3 , a band corresponding by molecular weight to the HrcA protein increased slightly in the case of H. pylori and C. acetobutylicum, but strongly with L. lactis; induction of T. maritima hrcA could not be detected (data not shown). Since three orthologous HrcAs were produced under the control of an IPTG-inducible promoter, it can be assumed that they were also synthesized under the control of the lepA promoter from the recombinant pDN2 vectors. This in turn suggests that these repressor proteins were inactive. We also checked for solubility of the overexpressed HrcA proteins by subjecting the cell lysates to a centrifugation step and analyzing the supernatant on an SDS-PAGE. As can be seen from Fig. 3 , Fig. 1 . Multiple alignment of six different HrcA proteins using the CLUSTAL W program and generation of a dendrogram. Asterisks indicate conserved residues, two dots residues with high similarity, and one dot with low similarity. The region marked in black has been shown to be involved in binding of HrcA to its operator [29, 33] . Similarity scores of B. subtilis HrcA compared to individual other HrcAs are given in brackets. lanes 3, all HrcA proteins seemed to form aggregates since they remained absent from the supernatant. It should be added that expression of hrcA with the pQE30 vector is not the ideal control. This would consist of using antibodies recognizing all the HrcA proteins, but such antibodies are not available. Alternatively, addition of an epitope tag to HrcA might influence its activity.
Analysis of orthologous HrcA proteins in E. coli groE mutants
As outlined above, HrcA of B. subtilis and B. stearothermophilus turned out to be largely inactive in E. coli groEts mutants [9] , the first hint that the GroE chaperonin system is involved in modulating the HrcA activity. Therefore, it was quite obvious to ask whether the GroE system of E. coli will influence the activity of the other HrcA proteins, active in E. coli, as well. The recombinant pDN2 vectors were transformed into E. coli mutant strains MC4100 groES30 and MC4100 groE100 [10] carrying the groES30 and groEL100 allele, respectively; the B. subtilis hrcA gene and the empty vector were included as positive and negative control, respectively. While the b-galactosidase activity expressed from the empty vector reached values of about 50 units in both E. coli strains (Fig. 4(a) and (e)), addition of the B. subtilis hrcA allele reduced them to about 5 units in the groES30 strain (Fig. 4(b) ) and about 30 units in the presence of the groEL100 allele (Fig. 4(f) ). When these values are compared to those measured in the isogenic E. coli wild-type strain, it follows that the basal level of b-galactosidase activity was 10-fold enhanced in the presence of the groES30 allele and 30-fold with the groEL100 allele. This activity could be further increased by a 30-min heat pulse 6-and 2-fold, respectively (Fig. 4(b) and (f) ). Comparable results were obtained for the hrcA genes of C. acetobutylicum (Fig. 4(c) and (g)) and S. aureus (Fig. 4(d) and (h) ) though the basal levels with both genes in the groEL100 background were reduced as compared to that measured with the B. subtilis hrcA (Fig. 4(b) and (f)) suggesting less dependence from GroEL. Since both the basal and the heat-induced level of b-galactosidase activity was enhanced with all three fusions in both groEts mutant strains, these data strongly indicate that the activity of all three HrcA proteins tested here is modulated by the GroE chaperonin machine. Fig. 2 . Activities of orthologous HrcA proteins in E. coli wild-type cells. E. coli strain MC4100 was transformed with either the empty vector pDN2 (a) or with pDN2 carrying hrcA genes derived from different species. pDN2 carrying hrcA from B. subtilis (pDN3; b), C. acetobutylicum (c), S. aureus (d), H. pylori (e), L. lactis (f), and T. maritima (g). The E. coli strains were grown in LB medium in duplicate at 30°C till the mid-exponential growth phase. Then, one culture was further incubated at 30°C, while the second was transferred to a 42°C waterbath. Aliquots from both cultures were withdrawn for b-galactosidase determination immediately before (open bars) and 30 min after heat shock (grey bars). Fig. 3 . SDS-PAGE showing overproduction of His-tagged HrcA proteins. E. coli strain XL1-Blue containing either pQE30 or pQE30 carrying different hrcA genes as indicated were grown in LB medium to mid-logarithmic phase at 37°C and then treated with 1 mM IPTG. Aliquots were withdrawn immediately before and 3 h after addition of IPTG. For total cell lysate the cells were lysed by SDS/heat treatment, and an equivalent of 0.08 A 578 was loaded onto the gel (lanes 1 and 2) . For the supernatant (lanes 3) fraction, the cells were lysed by sonification and centrifuged. The supernatant was removed for analysis, and 5 lg of protein was applied per lane.
Expression of orthologous hrcA genes in B. subtilis
Since two orthologous hrcA genes expressed active repressor protein (that of C. acetobutylicum and S. aureus), we decided to test them and the three others in B. subtilis under two different conditions, in the absence and in the presence of its own hrcA allele. Since the active form of HrcA is an oligomer, most probably a dimer [10, 18, 29] , we asked whether the additional HrcA proteins would interfere with the activity of the B. subtilis HrcA.
First, the orthologous genes were integrated at the amyE locus. This was accomplished by transforming the recombinant pDN2 plasmids into B. subtilis wild-type 1012 and its isogenic derivative AS02 which carries a complete deletion of the hrcA gene. Successful integration was verified by PCR (data not shown). Then, the bgalactosidase activities were measured in both sets of strains. All strains were grown in duplicate in LB medium at 37°C to the mid-exponential phase ðt ¼ 0Þ. While one culture was further incubated at 37°C, the second was shifted to 50°C. Aliquots were taken from both cultures at t ¼ 0 and 30 min later ðt ¼ 30Þ for measurements of b-galactosidase activities.
In the complete absence of any hrcA allele, about 8 bgalactosidase units were measured which increased about 3-fold after a 30 min heat challenge to 50°C (Fig. 5(a) ). These data are in agreement with earlier observations [8] . Cells of AS02 carrying the different hrcA alleles can be classified in two groups based on the basal level of expression. Cells expressing the hrcA alleles of B. subtilis, C. acetobutylicum, S. aureus and T. maritima exhibited a significantly reduced b-galactosidase activity (between 1 and 2.5 units) which increased between 4-(B. subtilis, T. maritima; Fig. 5(b) and (g)) and 13-fold (C. acetobutylicum; Fig. 5(c) ) after temperature upshift. Cells carrying the hrcA alleles of H. pylori and L. lactis exhibited a basal level of 8-10 units comparable to what was measured in the complete absence of hrcA, and these values were induced 4-to 5-fold ( Fig. 5(e) and (f) ). We conclude from these results that the hrcA alleles of the first group are active while those of the second group are inactive.
Next, the b-galactosidase activities were measured in the presence of the B. subtilis hrcA allele present at its homologous site. Here, cell cultures exhibited comparable b-galactosidase activities, a basal level of 2-4 units and a heat-induced level of 16-20 units (Fig. 5(i)-(n) ). Only coexpression of the T. maritima allele led to a reduced increase of about 9 units (Fig. 5(n) ). These data indicated to us that none of the foreign hrcA alleles negatively interferred with the B. subtilis allele with the exception of the T. maritima hrcA gene which seems to reduce the expression of the reporter gene about 2-fold.
Discussion
The HrcA/CIRCE heat shock regulatory system is the most widespread system among eubacteria [6] . In all bacterial species where this system has been described or found by genome sequencing, it controls expression of the groESL operon. In addition, in many species, it regulates expression of the dnaK operon as well (e.g., in B. subtilis, C. acetobutylicum and S. aureus) and very rarely other heat shock genes such as clpC in M. pneumoniae [30] . This widespread distribution of hrcA Fig. 4 . Activities of orthologous HrcA proteins in E. coli groEts mutant strains. Plasmids pDN2 and pDN2 carrying the hrcA genes from B. subtilis, C. acetobutylicum and S. aureus were transformed into the E. coli strains MC4100 (groES30) and MC4100 (groEL100). These eight strains were grown in LB medium at 30°C to the mid-logarithmic growth phase and further treated as described in the legend to Fig. 2 . E. coli strain MC4100 (groES30) carrying pDN2 (a), pDN2 with the hrcA gene of B. subtilis (b), C. acetobutylicum (c) and S. aureus (d); E. coli strain MC4100 (groEL100) carrying pDN2 (e), pDN2 with the hrcA gene of B. subtilis (f), C. acetobutylicum (g) and S. aureus (h). strongly suggests that the repressor proteins encoded by the different species should exhibit a high identity. This turned out not to be the case. A multiple alignment of the amino acid sequences of the six HrcA proteins used in these experiments exhibits an overall identity of 4.2% and 17.4% of similarity (Fig. 1) . Only HrcA proteins from closely related species exhibit an extended identity which has been used to construct a phylogenetic tree [31] . This multiple alignment identified three highly conserved regions, two near the N-and one near the Cterminal end [32] . Upon multiple alignment of more HrcA proteins, only one conserved region near the N terminus remained (Fig. 1) . Recently, it could be shown that the conserved region contains the DNA-binding motif [29, 33] . It is really striking that a protein exerting an identical function in more than 120 different bacterial species differs in such a way. What is the function(s) of the amino acid residues beyond the DNA-binding motif? One has to expect a dimerization domain and perhaps a GroEL interaction domain. Experiments carried out to identify the dimerization domain failed so far (S. Reischl, unpublished results).
In order to shed light on the problem of HrcA diversity, we started a comparative analysis of hrcA genes. So far, we introduced hrcA genes from five different species into E. coli and B. subtilis to study their function. The major question we asked was whether these hrcA genes could replace the B. subtilis one in both species. It has to be stressed that E. coli does not encode hrcA, but we could show that the B. subtilis hrcA works properly in E. coli and gave us the first hint that the GroE chaperonin system is involved in modulating the activity of HrcA [9] . Therefore, testing the activity of HrcA proteins in E. coli strains containing temperature-sensitive groES and groEL alleles should answer the question whether GroESL is involved in the modulation of these HrcA proteins which is assumed, but has never been experimentally investigated.
Analysis of the phenotype of E. coli wild-type cells carrying the different hrcA alleles revealed white colonies with those of B. subtilis, C. acetobutylicum and S. aureus at low temperatures, while those of H. pylori, L. lactis, T. maritima exhibited blue colonies. These results obtained by the plate assay could be fully confirmed by measuring the b-galactosidase activities. Fusing those hrcA genes exhibiting a high basal activity to a strong inducible promoter proved in the case of H. pylori, L. lactis and M. pneumoniae that the genes are really expressed in E. coli. Taken together, these results indicate that the HrcA proteins of these three species are completely inactive in the E. coli system. We assume that these three HrcA repressors are not recognized by the E. coli GroE team. This hypothesis can be tested by coexpression of the groESL operon of the homologous species. Such an experiment would involve replacement of the groE genes from the E. coli chromosome by those of the other species assuring their expression. When the hrcA alleles of those species expressing active hrcA were introduced in E. coli strains with temperature-sensitive groE alleles, those of C. acetobutylicum and S. aureus displayed a strongly reduced basal activity as compared to the B. subtilis hrcA indicating that these HrcA proteins are more independent of GroESL than the B. subtilis one. When these genes were introduced into B. subtilis devoid of its own hrcA gene, the picture already obtained with the E. coli system was confirmed, and, contrary to E. coli, HrcA of T. maritima turned out to be fully active though visible overproduction was not obtained. This result again suggests that the gene is indeed expressed either to a very low amount to yield enough protein to repress expression of the bgaB reporter gene or, alternatively, HrcA of T. maritima is not recognized by the heterologous GroE system. When heterologous hrcA genes were expressed in a B. subtilis wild-type strain, only HrcA of T. maritima exerted a measurable effect after heat shock by lowering the induction from about 7 for B. subtilis to 4. This could reflect enhanced stability and less dependence on the GroE team since it is derived from a thermophilic organism.
In summary, these experiments have shown that not all orthologous hrcA alleles can replace that of B. subtilis. Most interestingly that of L. lactis, a close relative of B. subtilis, proved to be inactive. As stated already above, we assume that the synthesis of inactive HrcA proteins in E. coli and in B. subtilis reflects their inability to interact with the GroE chaperonin system. If this will turn out to be correct it will be interesting to identify the region within the HrcA proteins responsible for interaction with GroEL.
